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Introduction

Air Quality is an environmental concern of fundamental importance across the Hiabeeed

to monitor and understand air quality requires continual effort as populations grow, energy use
increases, and industrial activievolves.Air quality goals have also evolved amproved
understanding of health effedissdemonstrate the added benefit of setting lower targets for
exposure of humans and ecosystems to ozone, fine particles, and other toxic pollutants in the air.
Longterm efforts have relied primarily on groubdsed observations to diagnose regions of
poor air quality and modeling to develop mitigation strategies. In recent years, satellites in low
Earth orbit(LEO) have demonstratedehability to observe the ¢ical constituents affecting air
guality. However theimpact of LEO observationsas been limited byheir infrequent nature

and coarse resolutionith respect to source distributions and timifagpproximately once per

day at horizontal scales of tenskof), insufficientto observe the details of air quality events that
candevelop over timescales of a single day. The promise of geostat{@ta@) observationgs

a vantage point for studying air qualitgn overcome these problems by providing obsenmvatio
many timesthroughout the day and at higher spatial resolution by taking advantage of longer
viewing times. The drawback of GE@® the limited viewing domain, preventing global
observations with a single satellite. Thies led to an international effoto launch a
constellation of satelliteanstrumentsfocused onair quality overAsia, North America, and
Europe These instruments will provide hourly observations of those regions throughout the day
at horizontal resolutian of better than 10 km. The rided GEO atmospheric chemistry
instruments expected to launch in 2@@19 include GEMS by the Republic of Korea, TEMPO

by the US, and Sentind! by Europe(Figure 1) Also, with its plannedlaunch in 206 the
Sentinel5 Precursor (S5P) mission will beginoviding the next generation of ondaily global
measurements from LEO at horizontal resolution similar to the GEO missions.

60
50 S Figure 1. Global air quality
satellite constellation showing
40 expected fields of view for hourly|
30 geostationary observations from
satellites positioned wer North
20 America (NASAEMPO), Europe
10 (ESASentinel4), and Asia (KARI
GEMS). These observations will
0 be supplemented by daily global
10 viewsfrom TROPOMI onboard
Il °{'!' Qa [9h al5@St
-20 The background image is the

\ 4 global distribution of N@as &en
ST BN from space

-180 -150 -120 -90 -60 -30 0 30 60 90 120 150 80
Longitude 1




These satellites will not be working in isolation. They will be part of a larger observing system
connecting with grountbased irsitu monitoring and remote sensing to more broadly capture
and understand the local, regional, and hemispheric influences of emissions, chemistry, and
transportPreparation is critical to ensure that theernationalair quality community is redy to
capitalize on thanformation available from these satellites to improve air quality forecasts,
models, and strategies famitigating poor air qualityRecent efforts are already beginning to
show that carefully designed intensive field studies altmwespondence between remotely
sensed columns and-gitu concentrations to be built. Examples include DISCOVER
campaigns in the US, DRAGON campaigns in Korea and the US, and ClearfLo and CINDI in
Europe.These efforts are providing the informatioreded to definen optimum set of ground
based measurements to complement and exploit future satellite observations from GEO.

KORUSAQ offers the opportunity téurtheradvance NASA goals and those of its international
partnersrelated to air quality througa targetedield study focused on the South Korean
peninsula and surrounding waters. The study, tentatively planned for theJéwmeil 2016
timeframe wouldntegrate observations from aircraft, ground sites, and satellites with air quality
models to undstand the factors controlling air quality across urban, rural, and coastal interfaces.
The details outlined in this document address the rationale for such a study, its relevance to
NASA, the detailed scientific questions to be addressed, and the asdetampling strategies
required to answer thenA companion document under development by Korean colleagues
provides details on observational and theoretical activities that would be concurrent and
collaborative with the NASA plans described in this wipigger. Further effort by both the US

and Korean Steering Committees will be necessary to ensure that these two efforts are
harmonized to provide the best scientific value for the investments by both col®RE.S

AQ serves as a model for internatior@lllaboration as Korean and U.S. scientistsuld
cooperate on all aspects of air quality research. Woisld build relationships and strengthen
future collaborationcritical to the success dhe constellation of geostationary air quality
satellites to b launched by NASA, KAR and ESA later this decade.
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Scientific Rationale

The advantagesf conducting an air quality field study in Korage relatedo the distribution of
emissions within the countrgndits position éong the Asian Pacific RinThe Korean science
communityalsooffers good opportuniésfor collaborative researahith strengths in air quality
monitoring groundbased measurements, geostationary satellgerehtions, and modelinghe
following discusion expands on these unigagvantagesoutlining the benefitsthatin situ and
remote sensing observations coordinated betwé&borneand grounebased perspectivesould
bring to scientific understanding and the design of future air quality obsepstenss.

Koreads urban/rural s ec tattractsre settingfordi st i nct ,
understanding the relative importance of human and natural emissions.

Roughly half of Koreabds ®
located in the Seoul Capital Area (Sudagy which 7
comprises only 12 X&eeciurd). h gu
Some sources rank this metropolitan area as secc
largest in the world. While there are a number of oth
urban areas, there remains a strong segregation bet
urban and rural zonesrdm an air quality perspective,
these zones each have unique emissions
considerations regarding exposumgacts forhumans
agriculture, andecosystems. Urban areas are expecte
to dominate overall emissions of nitrogen oxides {NO
which are mainlyassociated with burning of fossil fuels
In rural zones, forests and agriculture constitute
dominant source of hydrocarbons. The combination
emissions from these two regimes is expected to
more potent than either alon€hus, assessingnixing
acros the urban/rural interfaces existing in Kored g2 MopIS land cover map of South
offers the potential to more completely explore th{ korea. Red colors denoteban and buikup

range of conditions affecting ozone production as| areas, greens are forests, and gray indicat
anthropogenic N@and biogenic hydrocarbons interact.|_¢'oplands (courtesy Christine Wiedinmyer).

The relative importance of NCGand hydrocarbons f %28 ‘:
controlling ambient ozone is often represented o2 '
ozone isopleth diagrams (sEgure 3). Such diagram ;!
however, depend on accurately modeling the sp
photochemical environment. For instance, the mi
hydrocarbons and their reactivity are expect®
change as emissions move from urban to rural set %%

0.16

NG, (ppm)

thus influencing the relative response of ozon  oos LMITED
changes in NQ and hydrocarbons. In terms N A S —— ——
strategies for mitigating high ozone, it is also critic: 0 02 0406 08 10 12 14 16 18 20

identify the contributions of anthropogen versus ¥0C Gom®)

natural emissions and the resulting range of | Figure 3Typical ozone isopleth diagram

. . . showing the nonlinear response of ozone
combinations for N and VOC reactivity across the | 4 ction to mixtures of Noand

Korean peninsula hydrocarbons. (Taken from NatiorRésearch
Council 2008)
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The interactionbetween urban and rural emissions is also importanggiasol formationrand
evolution As air moves from the urbasector into rural areas, the oxidation of highly reactive
biogenic VOCs in the presence of anthropogenic MCexpected to shift the partitioning of
reactive nitrogen reservoiesid enhance the formation of secondary organic aer8sahg able

to obseve rural areas under a range of urban influefters insight into the relative importance

of urban and rural aerosol formation, the influence of urban outflow on the amount of secondary
organic aerosol, and the influence of rural emissions on the eolatiaerosol composition,
hygroscopicity, and optical properties.

Korea is embedded in a region of rapid changeith strong gradients in air quality in time
and space

Over the last severalecadesEast Asia has been a region of dramatic economic grewwth
increasedenergy consumption. Along with this prosperity, pollutant emissions likewise
increased.This increase in emissions has been demonstia@digh traditional accounting
methodsbased on activity datas well as througlobservations fronsatellites(seeFigure 4).

The more recent trends observed by satellite have been corroborated by updates of the REAS
inventory [Kurokawa et al., 2013].

30

B China [ South East Asia y . N T o
25 [ Japan @ India Y ~e . AR

[ Other East Asia [ Other South Asia 8+ ce-Us. m—m EC-China o
61| ™7 W-Europe > Middle East B
NC-india ~ *#— Japan

{

—E N A 2
15 I | P - —
§ S~

T F

—

-
N
i

~

IAMACHY
1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011
1980 1985 1990 1995 2000

Figure 4. Left: Asian N@missions from 198Q003 based on activity data (taken from Ohara et al., 2007)
Right: Mean annual tropospheric N@olumn densities detected by the GOME and SCIAMACHY satellites
key regions in the northern hemisphere. Abundances are normalized to 1996 to assess relative changes
the period 19962011. (taken from Hillbol et al., 2013)

As shown abovehe most damatic growth
has been upwind of Korea on mainlan [
China. K o r ®lacationdownwindresults
in strong gradients in air quality that ar g
driven by meteorology as well as th
patchwork of emissions. To a large degre <
anthropogenic emissiorisllow population
and thelarge number ofmegacities irkast &
Asia createsdiscreée regions of enhancec J&S &
emissions This is most easily seen ir \_
satellite observations of NOwhich is too - I I
shortlived to undergo significant transpor s L o
by winds(see Fgure5). ° S S S

Figure 5. Patterns in ¢éhdistribution of tropospheric NO
correspond closely to large population centers.
(taken fromhttp://www.temis.nl/airpollution/no2.html)



http://www.temis.nl/airpollution/no2.html

The Korean peninsula is also impactec 46
seasonally by the long range transpoft

wind-blown dust and smoke from firefhese  Z 4,
discrete emissions may subsequently eithe o
remain distinct or become intermingled as 5
they are transported in the atmosph&dhile % 38
satellite observations oNO, are ideal for -
locating regions ofanthropogenicemissions 34

and their rate of growth, understandirte
downwind impacts of emissions requires in

i ; ; ol ia MR- BN
situ sarr_lpllng toassesgshe pomplex mixtures 118 122 126 130 134
of reactive nitrogen, volatile organic species .
particulate matter, and photochemigal Longitude (E)
produced ozone. Figure 6MODIS AOD in spring (262008) (Kim et al., 2@).

An exampleof this transport can be seen in the average MODIS aerosol optical depth (AOD)
during spring over the period 20@D08 (sed-igure 6). This climatological average shows a
strong gradient in the West Sea between China and South Koreaav&tagegradientindicates
transport of particulate pollutiorsmoke,and dustfrom Ching which for particular events can

lead to extreme pollution events in South Korbeafact, several very large dust outbreaks,
mingled with urban/industrial emissions, were samhieer the West Sea during the TRAGE

and ACEAsia campaigns in 200The figure also shows a noticeable discontinuity in retrieved
AOD along the east coast of Korea that is likely an artifact of the separate algorithms for MODIS
retrievals over land and wat&Vhile this effect is not as obvious over the west coast, land/water
effects on retrievals are important to understand for both AOD and trace gas retrievals.

The Korean peninsula and surrounding waters provide a advantageous experimental
setting for distinguishing local andtrans-boundary pollution.

The West (fellow) Sea presents an important buffer by providing some disthet@een
upwind and local sources, notwithstanding the busy shipping laridsus, under the right
meteorological conditions, gapling just off the western coast of Korea offers an opportunity to
obtain an unambiguous sample of inflaf pollution, smoke, dust, and sea salt in varied
mixturesfor comparison with observations over the peninsblen over small distances from
upwind sources, significant chemicalolution is expected for reactive nitrogen species and
other shodived constituents. Emissions are also likely to be vertically stratified due to
differences in thdéocationsof sources. For instancspringtimedust soures (particularly from

the Taklimakan deser9riginatefrom higherelevationsghanurban emissiongSun et al., 2001]

and depending on its transport, dust may be encounteegdigolatedayeror mixedwith urban
pollution. During ACE-Asia [Arimoto et &, 2009 it was generally fond thataerosol properties
were altitude dependent asixing between dust and pollutiovaried, with dust influences
reaching higher altitudes thapollution influencesSpringtime can also bring biomass burning
emissions fronwildfires in Siberia and agricultural burning across East@matheast Asia. The
altitude range over which the emissions are transported depends on frontalTifisgynoptie
scale process leads to broad influence from upwind sources across the pamewsula that is
episodic, allowing for the opportunity to sample conditions under strong and weak influences
from transboundary pollutiorrontal lifting and transportiso complicate satellite viewing due
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to extensive cloud coverhe altitude of trasport is also of great interest. Naarface transport

of emissions allows for contact with the sea surface, ratbiegotentiaimportarce of air-sea
interactions. Bllution, smoke, or dustransporéd at higher altitudes majeave the surface
unaffected or may be mixed downward to the surface under the right corsdifio® opportunity

to sample air under different transport patterns is emplihdge the figures below.
Climatological winds (left panels) averaged for the month of May over the pebi@gi2D13
emphasize the dominant influence of westerly flow across East Asia and the expected influence
of upwind emissions across the Korean peninsula. An example of specific air mass trajectories
(Yum et al., 2007; right panels) emphasizes the diver§iaciwal transport patterns from day to

day and the opportunity to make observatiofihe variousipwind influences
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Figure 7Left panels: Climatological winds from the MERRA reanalysis (courtesy of Louisa En
Right panels: 8lay back trajectories from Gosan during 11 Mar8hApril 2005 [Yum et al., 2007]
Trajectores are separated into three types: Tygeobntinental China, Typedlcoastal China and
Korea, and Type Hmarine

Korea provides a collaborative environment with strengths in air quality monitoring and
ground-based measurements, geostahary satellite observations, and modeling.

Progress in understanding atmospheric composition and chemistry requires an observation
strategy taking advantage of satellites, research aircraft, and ground measurements coupled to
modeling at local, regionaknd global scales. Each of these perspectives has strengths and
limitations as outlinedby the schematitn Figure8. For satellites, improved interpretation relies

on complementary observations from aircraft and ground sites. For models, observatioal$ fro
perspectives are useful for model evaluation and assimilation to enable representation of the
current atmospheric state and prediction of possible future changes. In turn, satellites and models
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can be used to direct research aircraft to areas oksgtter optimize the placement of ground
measurementsThis sectiordescribes existing capabilities that Korean partners propose to bring
to this activity. Concurrent with this document, the Korean science community is actively
proposing for support togpticipate in the field intensive and subsequent analysis of observations
in collaboration with U.S. partners.

Broad spatial coverage for key atmospheric
constituents (aerosols, ozone, precursors)
Daytime coverage (Geostationary orbit)
Limited temporal coverage (Low Earth orbit)
Limited vertical resolution

Satellite Calibration and Validation
Retrieval/Algorithm development
Model error evaluation
Data assimilation
Diagnostic modeling studies

COmpre:er.\swe n sty Correlative information o )
atmospheric composition Small scale structure and processes Source-receptor relationships for pollution

Passive and Active remote sensing Inverse modeling for emissions
Detailed vertical structure Aerosol radiative forcing
Limited temporal and spatial coverage Detailed chemical processing

Comprehensive in situ atmospheric composition
Passive and Active remote sensing

Continuous day/night observation

Limited spatial coverage

Figure8. Observing system framework applied to atmospheric composition observations and modg

Korea is already operating the worldods first
atmospheric aerosol. Within a domairoand the Korean peninsula, the GOCI instrument
provides hourly aerosol optical depth measurements using information from multiple wavelength
bands. The data from GOCI present a unique opportunity fotoeedd demonstration and
refinement of the cal/valaenpaign techniques that will be required for full use of the data from
the forthcoming GEO atmospheric chemistry missi¢ttgea also offers the potential for strong
gradients in both aerosol optical depth and ozone precursors (especig)ljoN®@hich renote
sensing algorithms can be tested and improved in advance of the launches of GEMS, TEMPO,
and Sentinelt. For example, the ovarcean GOCI aerosol retrievals in the Kyonggi Bay off of
Seoul are derived in the presence of significant water turbiditgiggoficant in fact that the
MODIS operational aerosol algorithm does not routinely provide retrievals there. Only an
airborne campaign that can evaluate the -@oeran aerosol retrievals and the aerosol evolution
across the landea boundary can contriigumeaningfully to the evaluation of aerosol retrievals
relevant to air quality assessments in Seoul.

Korea also maintains an extensive grodaded air quality monitoring netwodk over 300 sites
(http://www.airkorea.or.kr/airkorea/eng/indexjsfsee Figured). Each of these sites provides
continuous monitoring of PN, O;, NO,, SG, CO, and Met (T, RH, winds)Just under half of
the sites are located in the Seoul Capital Adile justover eighty percent of the sites are
characterized as urban, there are also teigit roadside sites, nineteen rural sites, and three
background sites in the network. Additional information on V@@wailableat 31 sites.



http://www.airkorea.or.kr/airkorea/eng/index.jsp
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Figure 9. Air quality monitoring sites (above) and key resea
sites (righ) for understanding internal and external influence
on air quality across the Korean peninsula.

Major research gisare alsoshown inFigure 9 (right pane). These sites are situated to allow
characterization of local sources in Seoul (Bulgwang), photochemical evolution downwind of
Seoul (Taehwa and Gwanin), and upwind conditi@seng the peninsulaanging from
coninental outflowto marine backgrounair masse¢Baengyeong Anmyeon, Gwagju, and
Gosan. Of these sites, the three northernmangtin areas where overflight is prohibited, but still
provide important context regarding emissions internal and extern&etul. Information on
conditions aloft along the western coegprovided byaerosolidars and aeronet sunphotometers

at thefour westernmost sitednmyeon also hosts a TCCON FTS.

Modeling activitiesin Koreaincludeboth research and operatibedforts. Models in use by the
Korean communityinclude fineresolution regional CTMs (CMAQ and WRFhem) and a
global CTM (GEOSChem). Routine air quality forecasting for ozone and Pb§y NIER is
anticipatedo be fully operational by the start of 20I%e addition of observations from GEM

is expected to help improve the forecasts. However to maximize the impact on the forecasts,
further efforts are needed to improve the retrievAigborne observations for validation and
testing of this forecasting d9gsn could provide valuable constraints on emissions as well as
chemical and dynamical processes.

In all of the abovementioned areas, opportunities existNlABA-sponsored collaboration
alongside Korean partnetdowever, it is in the area of airborne ebgtions that NASA has the
greatest potential for impact. Korea has a fledgling airborne science programchhdés two

small research aircraft. iE Hanseo University King Ainas already been used for atmospheric
composition measurements and is otgfitwith an isokinetic inlet installed in the roof of the
aircraft for conducting aerosol measuremeg.the end of 2015the Korea Meteorological
Administration (KMA) will acquire an instrumented research aircraft (King Air 350 H®/,
passengemplane). Deploying a NASA research platform such as the-®@ould provide
unprecedented information on atmospheric composition over Korea, and providing space
onboard for Korean colleagues to conduct their own measurements or participate as collaborators
with NASA instrument teams would enhance the development of the Korean airborne science
community.



More specific requirements for a successful field study and desirable enhancements should
funding be available are described in more detail in the sectionisotititument discussing
experimental design

Scientific Questions

A well-designed field study integrating information from the elements described above (i.e.,
satellites, aircraft, ground sites, and models) can lead to progress in our understaratigititef s
performance, fundamental understanding of atmosphengpaosition, and improvement of
models in the simulation of the current atmospheric state and possible future scdareios.
following science questions provide a framework for elaborating haset areas and are
discussed individually in the following section.

Question 1. What are the challenges and opportunities for satellite observations of air
quality?
Question Ja. How do synoptic conditions (outflow, convection, stagnation, etc.) affect
the vertical distribution of trace gases and aerosols?
Question 1b. How do pollutant distributions relate to cloud cover?
Question 1c. How does aerosabundance and vertical dstribution influence trace gas
retrievals?
Question 1d. How does the land/water boundary influencaerosolretrievals?

Question 2. What are the most important factors governing @aone photochemistry and
aerosol evolutior?
Question 2a. How does ozone pkochemistry respond to the various mixtures of
upwind versus local pollutant emissions, biogenic emissions, and marine emissions?
Question 2b. What do aerosol physical, optical, and chemical properties reveal about
the interaction between ozone photocheistry and secondary aerosol formation?

Question 3. How do models perform and what improvements are needed to better
represent atmospheric composition over Korea and its connection to the larger global
atmosphere?
Question 3a. Are modeled gradients acroghe Korean peninsula consistent with
local/lupwind sources transport, and chemistry?
Question 3. Are air quality and atmospheric chemistry forecasting systems prepared
to utilize GEO observations?

Questionl. What are the challenges and opportunities for satellite observations of air
quality?

The applications potential fareostationaratellite observations of air quality rasgbe bar on
readiness to exploit the data ason as possible after launcbetailed observations of
atmospherid¢race gagind aerosol distributionsnder a wide range of conditions from polluted to
clean provide valuable information to inform retrieval studidss informationalso helg define
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the best mix of grountbased observations to complement satellite observations and improve
interpretation.Some of this important work is already being accomplished through campaigns
such as DISCOVERQ, which is showing that there are common factors affgctatellite
observations of air qualitgs well as factorthat are location dependeiite following questions

and discussion emphasize the unique factors associated with Korea and the observational
strategies needed to improve the geostationary caatgteallof air quality satellites.

Questionla. How do synoptic conditions (outflow, convection, stagnation, etc.) affect
the vertical distribution of trace gases and aerosols?

Vertical distributions of trace gases and aerosols depend heavily on sycopditions and
associated impacts on chemistry and transport of emissions. Stagnant conditions will favor
trapping of emissions near the surface, while outflow conditions along the Pacific Rim can
introduce strong perturbations in the middle tropospherbdth aerosols and trace gases. Local
convection will act to smooth profiles fonost passive constituents, while upwind convection
could lead to enhanced concentrations in the upper atmosphere affecting satellite observations of
ozone, N@, and HCHO. Cpturing these impacts on the vertical structure of atmospheric
composition wuld be best accomplished through survey flights covering the same locations
under a variety of synoptic conditions.

Satellite observations of column concentrations of trace dasesbeen extremely successful in
detecting changes in anthropogenic emissions and even usefptdsmn constraints to update
bottomup emission inventaeswith inverse modeling techniques. The retrieved vertical column
concentrations, however, are yesensitive to the air mass factor (AMF), which is used to
convert slant columns into vertical columi@®e discussion under Question 1c for more detail)
Specification of the AMF depends on the assumed vertical profile of a retrieved species, which is
often obtained from CTMsIhus, the validation of modeled vertical profiles of species is critical
for the success of satellite observations. Information for such validation is sparse. The profile
validation is particularly important for geostationasatellites measuing diurnal variationof
atmospheric compositiorthis also raises theequiranent fora priori information of species
profiles with hourly resolution. The validation of theseriori profiles would be an important
contribution that ould be pravided by this field study.

Recent omparisons of modeled and measured aerosol extinction profiles during recent NASA
and DOE field missions over the U.S. have revealed systematic differences in aerosol
distributions. For example, during the CARES antNéa missions over California during 2010,
profile comparisons revealed systematic model overpredictions of aerosol extinction in the free
troposphere and underpredictions in the boundary layer [Fast et al., 2014]. The overprediction
bias in the free trophere was found to somewhat offset the underprediction of boundary layer
aerosolsreducing differences between the measured and modeled aerosol optical depths [Fast et
al., 2014]. These comparisodemonstratéhe importance of assessing model repredmts of

aerosol profiles in the free troposphere as well as in the boundary layer in order to evaluate
priori assumptions derived froregional scale AOD simulations

Spaceborne observations of nsarface aerosols aexditionallychallenged by seval factors
unique to the region. The wide variety of aerosol species inclutlisg black carbonand
inorganicand organic compounds mixed in various sizes, as observed during FRA(®H
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ACE-Asia [Clarke et al., 2004], complicates the interpretatiothefremote sensing products for
aerosol microphysical and chemical properties. The frequent presence of dust particles aloft,
sometimes carrying industrial and urban palhis hampers satellitbased monitoring of the
nearsurface air quality. Airbornenisity remotesensingand columrntegral measurements of
aerosols wuld help address these challenges and study the link between thsurfaae aerosol
characteristics and satellite products.

Question1b. How do pollutant distributions relate to claid cover?

Clouds pose a major impediment to satellite observatlmustheyare alsointimately related to
atmospheric redistribution and transpditiis can be of particular importance in outflow regions
along continental marginsor instance, uring he TRACEP campaign, frontal clouddong the

Asian Pacific Rimwere found tocontain large enhancements in G@d other trace gases
[Crawford et al., 2003 Enhancements were also noted above and below clouds compared to
clear sky observations. Clouds alsave photochemical impacts, affecting both oxidation rates
and the partitioning of NQthrough the perturbation of photolysis frequenci@gddes et al.
(2012) demonstrated a bias in letggm averages of OMI NOn the Toronto area that varied

from 12%(+/-6%) over urban sites to 40% {30%) over rural locations due to both changing
photochemical conditions and a correlation between cloud cover and transport of emissions.
While important, these impacts on satellite observations are difficult to stublgeamandhat

field observations include both cloudy and clear conditions. Survey flights of the type mentioned
above should be designed to take advantage of opportunities to profile through clouds to contrast
with clear periods. Observing gradients immpamsition along cloud edges and before or after
cloud passage could also provide insight into whether satellite observations near cloud
boundaries can provide any insight on diagnosing pollution transport.

Questionlc. How does aerosabundance aml vertical distribution influence trace gas
retrievals?

The standard spad®rne tracegas retrieval algorithms used, for example, in JKhance,

2003, GOME [Valks et al., 201jtand SCIAMACHY for NQ, HCHO, and BrO, are based on

the DOAS fitting windowmethod to derive the total slant column density (SCD) of these gases.
To get vertical column density (VCD), SCD is divided by an airmass factor (AMF), which is
derived from radiative transfer calculations based on various auxiliary inputs such as terrain
pressure, cloud fraction and properties (top height, albedo), surface albedo, trace gas profile
shapes (@ and NQ) and aerosol properties (amount, vertical distribution and radiative
properties). In retrieving stratospheric amounts, or in clean regiangeifosol background is
small and its influence on the retrieval is often neglep®thnce, 2002 This is not the case for
tropospheric trace gas retrievals in polluted regions, where the AMF uncertainty represents a
large fraction of the error in thetrieved trace gas concentratididoersma et al., 2007In the

case of NQ retrievals, AMF is affected by themiori assumed N@vertical profile, which is

tightly related to aerosol loading in polluted regi¢bm et al., 2014, further complicatinghe
retrievals.

The widely used DOMINO v2Boersma et al., 20],1land the OMNOZBucsela et al., 2013
OMI NO; products do not explicitly account for the effects of aerosols in their AMF calculations,
but rather assume that the cloud corrections accoumagefosols (Lin et al., 2014).
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In recent comparison of MASOOAS with OMI NG, over China and Russia, Kanaya et al.,
(2014) found that OMI presents low biases of ~50% when a layer with higlsN@zated close

to the surface and associated with high a¢dosaling. Other recent sensitivity studiésn et al.,

2014 suggest that aerosol scattering will enhathedNO, AMF if the aerosol layer is below or

within the NQ layer, and will reducéhe NO, AMF if the aerosol layer is above the MN@yer,

or the &rosol is highly absorbing, as can be the case for polluted or sometimes pure dust aerosols.
The presence of highly absorbing aerosol will generally cause significant underestimations in
standard N@column retrievals.

©!ldeal Case X Realistic Case with coexisting PM2.5
Sunlightreaches the surface, and thus Sunlightdoes not reach the surface, only
NO, near the surface is observable NO, at high altitude is observed
vA 4 vA 4
.%‘é\ - QD ."&;\ <2 Q\D—
5 Altitude » Altitude
A A
altitude
range of PM2 5.aecos0ls
observa
ble NO,
Tropospheric NO, Pesescsscsesssssssssnses
r T 2P A (NO.) LA A ; 757 (NO,)
Figure 10Conceptual diagram of shielding effect caused bgxisting PM2.5 aerosols.
Coexisting PM2.5 aerosols prevent sunlight from reachiing S S NIi KQa & dzNJ
satellite observation fails to detect NG S NJ 0 KS 9 NI KQ& & dzNF I Of
Taken from Kanaya et ahtfp://www.jamstec.go.jp/e/about/press_release/2014081)

Solutions for the lcallenges due to aerosols in satellite trace gas retrievals include-baseel
estimations (e.g. GEGSHEM) of aerosol amountvertical distribution, and properties
constrained by satellite observations (e.g. Lin et al., 2014) that are incorporatedlexplibe
AMF calculations. Others include a combination of aergpekific satellite retrievals (e.g.
MISR, POLDER) combined with gespecific satellite retrievals (e.g., GOSAT for §Qe.g.,
Frankenberg et al., 2012]. As we are moving toward geostaly satellite monitoring odir
guality and emissions, aerosol property distributions of higher spatial and temporal resolution
and improved accuracy are needed to assess the impacivafyimg gas concentrations and
aerosol properties (e.g. scatterirdpsorptionvertical distribution) on retrievals; current single
pixel, coarseesolution satellite retrievals, such as the OMI retrievals at 1RBrP4resolution
(and the GOME and SCIAMACHY retrievals at coarser resolutions yet)|dienefit from the
subpixel variability measurements as well.

KORUSAQ, with a capability to concurrently measure NOs;, HCHO, and aerosol properties
at high spatial and temporal resolution can be used to improve satellite trace gas retrievals and to
contribute toair quality monitoring by characterizing differences in ttfeemical composition of
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airmasses affected by fresh and aged pollution [SRgaénheimer et al., 2013Fpecific
strategies to address the trace gas retrieval challenges describedralda/éncludesmallscale
sampling of aerosa@nd trace ga8-D inhomogeneity for areas analogous to satellite foogrint
samplingof elevated aerosol layes different compositiorto examine their impacten trace
gas retrievals (from satellite, aircraft, and groumstrumentation), and seeking to gather these
observations at different times of day.

Question 1d. How does the land/water boundary influence aerosol retrievals?

Given the retrieval differences over land versus oceltecting he evolution of aero$o
properties during transport across the seal/land boundary presents a significant challenge for
satellite retrievals and henem excitingopportunity for assessment in an airborne campaign.

The challenges in satellite aerosol retrievals over land stemtfre dominating contribution of

surface reflectance. Over dark oceans, the spectral surface reflectance is much better constrained
than over land, resulting in significantly better retrievals of spectral aerosol optical depth (AOD,
e.g., Levy et al., 20)3and the extinction Angstrom exponent, a measure of the slope of AOD
with wavelength in logog space. The Angstrom exponent in turn is related to the aerosol fine
mode fraction (FMF, the fraction of aerosol optical depth due to fine mode aerosol),hakich

been used as a proxy for anthropogenic aerosol contributions (Anderson et al., 2005; Redemann
et al., 2009). In particular, the satellite observations of AOD, Angstrom exponent and FMF over
dark oceans in th&/estSea have the potential to contributgngicantly to the monitoring of

Asian dust outbreaks and pollution events upwind of Korea. However, to be useful for actual
monitoring of these events and for qwweantitat:i
aerosol retrievals has to be assgk as the aerosols evolve chemically during their transport
towards Korea. Because the satellite aerosol retrievals are challenged with ocean sediments in
the Korean coastal zone and the impact of gaseous pollutants concomitantly with the aerosol
chemica evolution during transport, an airborne campaign that assesses aerosol chemical and
optical properties during transport is the only way to assess the utility of geostationary and polar
orbiting satellite aerosol observations for AQ monitoring in Kemnehelsewhere.

Question 2. What are the most important factors governing ozone photochemistry and
aerosol evolution?

Koreabs air qguality is driven predominantly
nearby oceans, but is heavily influenced byissions from the west, including industrial
pollution and dust from China and biomass burning from A#ause Korea has such a wide
range of emission sources, from fresh to aged and from marine and biogenic to anthropogenic,
the interactions of thesemissions will be as important as the emissions themselves in
determining the ozone production and aerosol evolut@rone photochemistry and aerosol
evolution are strongly coupled and several different oxidants (OH, %) halogens) likely

play a role m driving the chemical mechams. The balance of these emissions and oxidants
determines té sensitivity of ozone production and aerosol evolution to nitrogen oxides and to
VOCs (see Figure3). Thus, while the basic air quality processes are generallyrkfimm air

quality studies primarily in the US and Europe, Korea provides an excellent laboratooyeo

fully explore the range of N@VOC relationships affecting ownderstanding of these chemical

and dynamical processes in a quite different envirenirfrem those encountered previous
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studies Significant recent advances iairborne observing capability (e.g, hydrocarbon
measurements and their oxidation products as well as speciated reactive nirogiedngnable
furtherunderstanding of these i€

Question2a. How does ozone photochemistry respond to the various mixtures of
upwind versus local pollutant emissions, biogenic emissions, and marine emissions?

The diverse mixture of sources, from megacities, agriculture and forests, and alsafhjp
leads to the formation, at poorly quantified rates, of ozone and secondary organic and inorganic
aerosols over the Korean peninsula.

As awareness of air pollution problems in East Asia has grown, a number of tropospheric
photochemistry processtudies have been conducted in the region along with modeling studies

to assess ozone and secondary organic aerosol (SOA) production. Thesbaesaotissistently

reported the importance of isoprenesiig) photochemistry even in the polluted metropalita

areas in East Asia, such as in the Japan Kansai region (including Kyoto, Kobe and Osaka) where
a 25% increase in the afternoon ozone peak was attributed to isoprene photochBansttyal.,

201Q. Kim et al. (2013) reported a similar level of addiabwzone production from isoprene
photochemistry at the Taehwa Forest Observatory (TFO), located at the southeastern edge of the
Seoul. The trace gas observational results at the TFO also clearly indicate that isoprene accounts
for most of the midday OH eetivity (11 am to 3 pm). Reported observations from the suburban
regions of megacities in China show that isoprene provides a significant component of the OH
reactivity[e.g., Ran et al., 2011; Lu et al., 2012; Tie et al., POC8nsidering that most A
megacities consist of densely populated city centers surrounded by forests, the roles of biogenic
VOCs are expected to be critical for the atmospheric chemistry and composition throughout the
East Asian region.

This experiment provides an opportunity aoswer questions regarding the evolution of- gas
phase reactivity over the urbamregional scale transition in the unique East Asian environment.
While urban reactivity is widely understood in terms of primary pollutants such gaaiNDa
multitude of MOCs, the reactivity of the aging outflow encountered in this environment will
often be enhanced by fresh biogenic emissions from surrounding forests. Previous studies in the
southeastern US and elsewhere have found that under favorable meteorologitainsordis

mix can lead to high oxidant formatide.g. Goldan et al., 20DOIn recent work at Taehwa
Forest, Kim et al. (2014) highlighted uncertainties in the radical pool (OH, RG,) as the
dominant factor limiting current understanding of the treéaimportance of NQand VOCs to

ozone formation.

Chemical measurements along the outfloeud enable theevaluaton (and improvenen) of
models, including the concentrations of major oxidants (egH&D,, organic peroxides, acids),
longerlived gecies that contribute to the global budgets of odd nitrogen (PANs, organic
nitrates) and odd hydrogen (phdé&bile organics such as ketones and aldehydes), aerosols, as
well as physical controlling variables such as temperature, pressure, specifictyyuamdi
spectral actinic fluxes. These measuremerdslavhelp establish whether the chemistry of the
outflow from the urban centers proceeds at a vigorous pace for only a short time after
encountering the biogenic influence or persists for a longer pefitiche. Theimpact on the
regional and global environment®uld partially be gauged by the observation of N@d HQ
reservoir species (e.g., HNAPANs,RONG,, HOOH, ROOHs, RCHOs) formed in the outflow.
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For instance, eacent analyses of NASA ARCTAS absations [Browne et al. 2014] establish
that RONQ are the major sink of NQat concentrations characteristic of rural and remote
locations. Similarly ROOH are the dominant sink of H@xicals in these regimes.

The composition of the air encountered dewnd is expected to be dominated by a large
number of intermediates produced by the plmtmlation of the initial compoundsThis
intermediate chemistry is complex and arguably the most uncertain regime in our understanding
of the atmospheric life cycl®f anthropogenic and biogenic emissions. The fully explicit
chemistry, expected to involve thousands of intermediate species based on laboratory
kinetic/mechanistic data, has so far been considered only in boxdipeeosional) models such

as the NCAR andleeds Master Chemical Mechanisms. These detailed chemical models predict
that elevated concentrations of partially oxidized VOCs persist in the atmosphere for days and
can even dominate the gas phase reactivity. As discussed above with respect te, ifogsen
intermediate VOCs are important precursors for SOA formation.

Question . What do aerosol physical, optical, and chemical properties reveal about
the interaction between ozon@hotochemistry and secondary aerosol formatior?

Isolating the impct of chemical evolution 1 aerosols and trace gases is complicated by the
continuous input of emissiongixing between air masses during transport, and removal by
deposition and scavenging. Nevertheless, the physical separation and transport times betwe
sources upwind of the Korean peninsula, in Seoul, rural areas downwind, and into the East Sea
represent regimes that should demonstrate clear differences in atmospheric composition that can
be attributed to chemical evolution.

Megacities are strongources of both primary and secondary aerodblsie much aerosol
evolution (e.g. emission, nucleation, coagulation, growth) occurs rapidly within the urban core,
guestions remain regarding how much additional processing occurs downwind. Precursors of
inorganic aerosol, such as $®,SO;, NO,, HNO;, and NH are known to persist for some time

in the outflows from urban aredsurthermore, many secondary VOCs are expected to contribute
to aerosol evolution, through condensation, uptake and surface reBadwnwind of Seoul, the
mixing between urban N@missions and biogenic VO@Gsexpected to enhance organic aerosol
formation. Continued oxidation and aging of aerosols will increase hygroscopicity. In addition,
as particles age, they mix internally byagolation and growthinformation on the relative
importance of these processes can be obtained by observing aerosol distributions and their
chemical propertiesThese many processes ultimately determine the optical properties of
aercsols (and therefore dir direct impact on radiative budgets) and their microphysical
characteristics (with potential impacts on clouds and precipitation).

Aerosolsaffect chemistry byemouvng some species from the gas phase, transfgymthers
through surface reactionsng modifying (by scattering and/or absorption) the ultcdet
radiation field driving gas phase photochemistBcattering and absorption of sunlight by dense
aerosol layers can decrease the photolysis of Bi@ ozone.Uptake of potential ozone
precurses onto the particles is a potential chemical impatrosol layers dominated by dust,
secondary inorganic (pollutant derived) aerosol, and secondary organic (both pollutant and
biogenic derived) may be expected over Korea, as well as complex mixtutlessefparticle
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types. Characterizing the physical, chemical, and optical characteristics of the aerosol layer
coupled with actinic flux measurements above and belowldhconstrain the photolytic impact
on ozone photochemistry.

Measurements of aerdsohemical and physical properti@eross the domajrsimultaneously

with the gas phase measurements, wadlpp quantify thedegree of chemical processiny

various air masses and the resulting influence on primary and secondary aerosol abundances
Aircraft surveys upwindacrossand downwind of the peninsulaowid be able to capture these
detailed changes in compositiomhich would provide valuable context future geostationary
observations which will provide unprecedented continuity across thgiseese

Question3. How do models perform and what improvements are needed to better
represent atmospheric composition over Korea and its connection to the larger global
atmosphere?

Models represent our best knowledge of the factors controlling atmasmoenpositionby
integrating the impact of emissions, transport, and chemigtrgerstanding model strengths and
weaknesses in representing the current atmosphere is critical since these models are also used to
predict the future atmospheric state bagedlifferent scenarios. These results can then be used

to support policy decisions. As noted earlier, models also play a role in defining the assumptions
for satellite retrievalsDuring the campaign, daily flight decision®wd rely on forecasts from

both regional and global models to identify the meteorological scenarios and expected gradients
in atmospheric coposition that can best be used to test the modatsnparisons with
observations wuld aid in model development by identifying features that aedl captured

versus inconsistencies that indicate potential areas of improvement.

Question3a. Are modeled gradients across the Korean peninsula consistent with
local/lupwind sources transport, and chemistry?

Understanding atmospheric composition oWarea requires the deconvolution of episodic
transboundary influences from the more persistent influences of local emisStomglifficulty

in modeling the impact of upwind sources on temporal and vertical variability of pollutants in
Korea is illustratd by the attenuated lidar backscattering observations at the Seoul National
University station for the twaveek period from April 28 to May 9" 2012 (see Figurell).

During this period the air quality in Korea was impacted by dust from the Gobi desert,
anthropogenic pollution, and biomass burning smoke coming from boreal fires inesmidim
Russia. There is significant variability in the vertical profiles, which needs to be better
understood. Sampling the full atmospheric column is critical to undelista how material

lofted from the ground by different processes is transported and how and where it subsequently
impacts the surface. The model predictions show that current models have some capacity to
capture this variability in the vertical profilesytbthat further model improvements are clearly
needed which can be driven by field experiment activities.

16



Figure 1. Left panel: Source and trajectory paths for the types of pollution episodes expected during-KQRBSxes
outline the GOCI field of view (dashed black) and proposed modeling domains (blue). These sources affected Kor
2-week perod during ApriMay 2012 and correspond to dust (yellow), anthropogenic pollution (green) and biomass
burning smoke (dark red), with corresponding representative trajectories in brown (1), dark green (2) and red (3).
signs mark day increments alonthe trajectories. Right panels: Observed (b) and modeled (c) attenuated Lidar
backscattering at Seoul National University station (black circle on the map). Red boxes represent the different po|
episodes associated with each numbered source trajgcterom Saide et al., 2014.

The effect of upwind sources on air quality in Korea is determined by syrsmatie
meteorological transpqgrincluding the highly umpredictable Asian monsoon systelipwind
anthropogenic emissions are difficult to distinguish from local influenSes. dust aerosols

from arid and semarid regions such as the Gobi and the Taklimakan deserts cause serious
concern for human health amttlustry in Korea every spring. The direct impact of dust on health

in Korea is compounded by the fact that the transport route out of Asia passes over major urban
and industrial regions before reaching the West Sea. As a result, the dust is frequeardly mix
with pollution. Satellite measurements of aerosol optical depth (AOD) have recently been shown
to be promising over the highly reflective deserts, and they can be used to constrain the
geographical locations and timings of soil dust mobilization in isodethe dust layers are
optically thick enough they can also be tracked across eastern Asia and then the West Sea
enroute to Korea.

Local processes also have a strong influence on gradiatmtains and other vegetative areas,
where natural biogenic ®Cs emissions are dominant, surround Seoul and other large cities in
Korea. Q concentrations in Seoul are typically low due to titration by high f@n the heavy

traffic, but it sometimes increases rapidly when high, NOpolluted air is mixed with natal

VOCs from surrounding areas. Thusg €imulations show high sensitivity to emissions of
natural biogenic VOCs, which are often parameterized using surface types and meteorological
variables. Significant errors in surface type specification in SeallSouth Korea are often
found in current databases, leading to large uncertainties in natural VOC emissions, which affect
both G and organic aerosol simulations. Extensive observations of VOC species would be very
helpful to better estimate biogenic enmss and deepen the understanding of their roleszin O
and PM air quality in Seoul and surroundings.
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